Most crops cannot germinate underwater. Rice exhibits certain degrees of tolerance to oxygen deficiency for anaerobic germination (AG) and anaerobic seedling development (ASD). Direct rice seeding, whereby seeds are sown into soil rather than transplanting seedlings from the nursery, becomes an increasingly popular cultivation method due to labor shortages and opportunities for sustainable cultivation. Flooding is common under direct seeding, but most rice varieties have poor capability of AG/ASD, which is a major obstacle to broad adoption of direct seeding. A better understanding of the physiological basis and molecular mechanisms regulating AG/ASD should facilitate rice breeding for enhanced seedling vigor under flooding. This review highlights recent advances on molecular and physiological mechanisms and future breeding strategies of rice AG/ASD.
water, submerged plant tissues suffer O 2 deficiency. Consequently, molecular and metabolic responses are rapidly and profoundly reprogrammed to endure O 2 deficiency stress. O 2 deprivation triggers cessation of the Krebs cycle and oxidative phosphorylation, shifting ATP production from the mitochondrial electron transport chain (mETC) to ethanol fermentation (Taiz et al., 2015) . However, the net energy yield from anaerobic fermentation (2 mol ATP per mole of glucose) is 16-fold lower than that from aerobic respiration (30-32 mol ATP per mole of glucose). Nevertheless, this metabolic pathway supports glycolysis by reoxidizing NADH to NAD + and allows the ATP production required for plant cell survival.
Rice has evolved various survival strategies under hypoxia (limited O 2 ) or anoxia (no O 2 ) (Lee et al., 2009) . 'Metabolic adaptation' and 'escape' are primary strategies employed by rice for rapid anaerobic germination (AG)/anaerobic seedling development (ASD) under submergence ( Fig. 1 ). However, most rice varieties exhibit poor AG/ASD capabilities (Miro & Ismail, 2013) . Understanding the detailed mechanisms regulating AG/ASD in rice is not only of fundamental scientific significance but also important for breeding rice for direct seeding practice. In this review, we focus on recent advances in the physiological, genetic, and molecular bases of AG/ASD regulation in rice, and raise topics for further investigation.
II. Morphological adaptation for anaerobic growth and oxygen acquisition
The ability of rice to germinate under submergence and extend their coleoptiles (the protective sheath covering the emergent shoot) beyond the water surface is unique. Hypoxia and anoxia have little effect on rice coleoptile emergence (Fig. 1a ). In fact, low O 2 promotes coleoptile elongation, with coleoptiles developing faster under anaerobiosis than aerobiosis (Alpi & Beevers, 1983; Fig. 2) . Rapid coleoptile elongation under submergence is mainly attributable to auxin-regulated cell elongation (Kawai & Uchimiya, 2000) . The microRNA miR393 degrades the messenger RNA (mRNA) encoding TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AUXIN SIGNALING F-BOX 2 (AFB2) auxin receptors that regulate AUXIN RESPONSE FACTOR (ARF) expression (Si-Ammour et al., 2011) . Under submergence, miR393 expression is inhibited, which activates the auxin signaling pathway and ARF expression that induces stomata development and coleoptile elongation in rice (Guo et al., 2016) .
Under anaerobiosis, coleoptiles develop fast, whereas root growth is suppressed (Alpi & Beevers, 1983) , indicating that O 2 deficiency restricts rice root development and seedling stand in soil. Root growth is initiated as coleoptiles approach the water surface, where O 2 levels are higher (Ismail et al., 2009; Fig. 2b ), indicating that O 2 acquisition may facilitate root development. This supposition is supported by a study showing that root growth is suppressed in rice seedlings submerged for 7 d but becomes detectable 24 h after being shifted to air (Kawai & Uchimiya, 2000) . Delayed root development under submergence indicates that energy and nutrients are preferentially allocated to support rapid coleoptile elongation and emergence from shallow waters.
Elongation of hollow coleoptiles through the water surface allows O 2 to diffuse into the endosperm to hydrolyze nutrients and support vigorous seedling establishment. The coleoptile is a conical structure that, upon exposure to air, undergoes splitting, senescence, and aerenchyma formation before true leaves and roots emerge and start to grow rapidly (Kawai & Uchimiya, 2000) . Lysigenous aerenchyma, formed by the creation of longitudinal gaseous channels due to death and lysis of root cortical cells, is the major type of aerenchyma in rice (Yamauchi et al., 2018) . Aerenchyma also forms in the leaf lamina midrib, sheath, and stem internodes of rice (Colmer & Pedersen, 2008) , providing an internal channel for O 2 diffusion along shoots and roots. Aerenchyma development in rice roots under submergence is induced by ethylene through a reactive oxygen species-dependent programmed cell death pathway (Yamauchi et al., 2018) . In cells of flooded organs, endogenous ethylene levels increase rapidly due to impaired diffusion to the surrounding water (Sasidharan et al., 2018) . High and low concentration of ethylene inhibits and promotes, respectively, auxin-dependent root initiation and development (Jung & McCouch, 2013) . Coleoptile emergence above the water surface and aerenchyma development can help O 2 diffusion, vent entrapped ethylene, and facilitate leaf and root development (Ismail et al., 2009; Fig. 2b ).
In plants, ethylene is a primary signal regulating responses and adaptations to O 2 deficiency. Unlike the triple response observed in etiolated Arabiodopsis of thickened and shortened hypocotyls with pronounced apical hooks, exogenous ethylene exerts a double response of inhibited root growth but enhanced coleoptile growth in rice (Yang et al., 2015) . Interestingly, ethylene inhibits both root and coleoptile growth in other cereals and monocotyledonous plants (Yang et al., 2015) . Endogenous ethylene levels are significantly higher in elongating coleoptiles of flooding-tolerant 
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Tansley insight New Phytologist rice genotypes than in intolerant genotypes 3-7 d after seed sowing, which correlates with the earlier coleoptile emergence of tolerant genotypes to water surface (Ismail et al., 2009) . Jasmonic acid (JA) represses coleoptile elongation in etiolated rice seedlings, and ethylene can inhibit JA biosynthesis and promote coleoptile cell elongation (Xiong et al., 2017) .
III. Reprogramming of gene expression for anaerobic metabolism
AG/ASD is highly challenging due to relatively low amounts of ATP being produced through glycolysis coupled with ethanolic fermentation. Under submergence, tolerant rice genotypes exhibit speedy germination and coleoptile elongation, efficient starch-tosugars hydrolysis to fuel anaerobic metabolism, and faster emergence above the water surface (Lee et al., 2009 ). Tolerant and intolerant rice varieties exhibit differences in physiology and gene expression. In particular, early (within 12-24 h after seed imbibition) increases in the activity of major starch-hydrolyzing enzymes 
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Review 3 such as a-AMYLASE (aAmy) and alcohol fermentation enzymes, including ALCOHOL DEHYDROGENASE 1 (ADH1) and PYRUVATE DECARBOXYLASE (PDC)and late (2-3 d after seed imbibition) increases in ethylene accumulation are both tightly associated with enhanced AG/ASD under flooding (Ismail et al., 2009) . Rice adh1 mutants with reduced ATP levels display decreased cell division and impaired coleoptile elongation under submergence (Takahashi et al., 2011) . Both gain-and loss-offunction studies have revealed that aAmy3 is essential for submergence tolerance, but overexpression of this enzyme alone is insufficient to enhance submergence tolerance in rice seedlings (Chen et al., 2019) .
Higher fermentation rates, soluble carbohydrate content, and efficient energy use are important factors contributing to rice AG/ ASD abilities relative to other cereals (Mustroph et al., 2006) . Among major cereals, only rice seeds produce the complete set of enzymes needed for starch mobilization during AG/ASD (Guglielminetti et al., 1995) . In rice germinated under anoxic conditions, total aAmy transcripts are reduced in aleruones but increased in embryos, mainly due to induction of subfamily 3 aAmy (including aAmy3/Amy3D, Amy6/Amy3B, and aAmy8/Amy3E) in embryos (Hwang et al., 1999) . The inefficiency of fermentative metabolism requires more sugars for generating energy; thus, the subfamily 3 aAmy is deemed important for degradation of starch for providing fermentable sugars for ATP generation during AG/ ASD (Guglielminetti et al., 1995) . In other cereals, neither equivalent subfamily 3 aAmy mRNAs nor aAmy enzymes accumulate in germinated seeds under hypoxia, likely accounting for their failure in starch-to-sugars hydrolysis for AG/ASD under anaerobiosis (Guglielminetti et al., 1995; Hwang et al., 1999) .
Transcript profiling of rice coleoptiles germinated under anoxia indicates significant upregulation of genes encoding enzymes involved in sucrose and starch metabolism, glycolysis, fermentation, and cell expansion, as well as heat shock proteins and ethylene response factors, whereas genes encoding enzymes requiring O 2 for their activity are dramatically downregulated (Lasanthi- Kudahettige et al., 2007) . These transcriptomic data associated with various metabolic and signaling pathways highlight the reprogramming of rice physiology and growth in response to O 2 deficiency.
IV. Mechanisms regulating anaerobic metabolism
The mechanism regulating aAmy expression in response to O 2 deficiency in rice has been studied extensively (Fig. 1b) . The transcription factor MYELOBLASTOSIS (MYB) SUCROSE 1 (MYBS1) interacts with the cis-acting TA box (Lu et al., 1998) to induce aAmy promoter activation under sugar starvation (Lu et al., 2002) . SUCROSE NONFERMENTING 1-RELATED PROTEIN KINASE 1A (SnRK1A), a conserved sugar and energy sensor in eukaryotic cells, is an essential upstream protein kinase of MYBS1 in response to sugar starvation/low O 2 , playing a key role in stimulating germination and seedling growth in rice under normal and anaerobic conditions (Lu et al., 2007; Lee et al., 2009) . Two hypoxia-inducible SnRK1A-INTERACTING NEGATIVE REGULATORs (SKIN1/2) inhibit the expression of MYBS1 and aAmy3, leading to suppression of starch-to-sugar hydrolysis and delayed germination and seedling growth under submergence (Lin et al., 2014) . Another transcription factor, MYB SUCROSE 2 (MYBS2), competes with MYBS1 for binding and suppression of aAmy promoter under submergence (Chen et al., 2019) . CIPK15, a CALCINEURIN B-LIKE (CBL) PROTEIN-INTERACTING Ser/Thr PROTEIN KINASE, links low O 2 signals to the SnRK1Adependent sugar starvation-sensing cascade to activate expression of aAmy and ADH1/2, and control sugar and energy production during AG/ASD (Lee et al., 2009 . Expression of CIPK15 is upregulated by sugar starvation/low O 2 and inhibition of mETCs (Lee et al., 2009; Yim et al., 2012) , indicating that mitochondrial dysfunction can initiate low sugar/O 2 signaling.
CIPK14 and CIPK15 share 95% nucleotide sequence identity, and CIPK14 and 15 interact with several CBL calcium sensors (CBL2-CBL6), with yeast two-hybrid assay indicating strongest interactions with CBL4 (Kurusu et al., 2010) . Anoxia activates expression of CIPK14/15, CBL4 and aAmy3/Ramy3D, whereas RNAi knockdown of CBL4 reduces aAmy3 and ADH1 expression, and Ca 2+ blocker treatment suppresses CBL4 promoter and aAmy3 accumulation (Ho et al., 2017) , together suggesting that CIPK15-CBL4 interaction may regulate aAmy3 expression in a Ca 2+ -dependent manner in rice. However, whether CIPK15-CBL4 interaction relays O 2 deficiency signal to regulate aAmy3 in planta requires further investigation.
Rice has two ecotypes, upland and lowland, which display different degrees of flooding tolerance. The CBL10 promoter in 10 rice cultivars can be classified into either flooding tolerant (T type) or flooding intolerant (I type), with the T-type promoter only being present in lowland japonica cultivars and the I-type promoter existing in upland japonica, upland indica, and lowland indica cultivars (Ye et al., 2018) . Rice cultivars with the T-type CBL10 promoter, which maintains low-level expression of CBL10, exhibit increased CIPK15 protein accumulation and higher aAmy3 expression and total aAmy activity. CBL10-overexpressing transgenic rice has reduced AG/ASD, suggesting that CBL10 is a negative regulator of the CIPK15-dependent low O 2 signaling pathway.
Another regulator functionally confirmed as promoting AG/ ASD is a TREHALOSE-6-PHOSPHATE PHOSPHATASE 7 (TPP7) (Kretzschmar et al., 2015) . TPP7 is the genetic determinant in a major quantitative trait locus (QTL), qAG-9-2, for AG/ASD in an upland japonica rice landrace, Khao Hlan On (KHO). TPP7 converts trehalose-6-phosphate (T6P) to trehalose, presumably leading to decreased T6P/sucrose homeostasis that prevents repression of the CIPK15-SnRK1A-MYBS1 pathway for activation of aAmy expression in embryo-coleoptiles. A 21 kb deletion in qAG-9-2 encompassing TPP7 is present in > 30% of International Rice Research Institute (IRRI)-derived cultivars, but TPP7 is present in the genomes of most japonica rice cultivars, such as 'Nipponbare' and 'Tainung 67'.
SUBMERGENCE-1 (SUB1) is a major QTL regulating tolerance to complete submergence in lowland rice, with the SUB1A locus from the indica rice accession FR13A being a primary determinant of submergence tolerance . SUB1A has been widely used as a molecular marker to convert submer- 
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Tansley insight New Phytologist 2010). However, FR13A has low capacity for AG/ASD (Ismail et al., 2009; Lee et al., 2009) . SUB1A encodes a group VII ETHYLENE RESPONSE FACTOR that is a key regulator of the 'quiescence and tolerance strategy' used in flooding-tolerant rice varieties . SUB1A does not appear to regulate AG/ASD, as several rice varieties lacking SUB1A are submergence intolerant at the vegetative stage but possess high aAmy activities and have strong AG/ASD capabilities (Lee et al., 2009 ).
V. Genetic basis of seedling flooding tolerance
After screening more than 8000 GenBank accessions at IRRI, a few landraces with strong AG/ASD capabilities were identified, including well-studied KHO and Ma-Zhan Red (Angaji et al., 2010; Septiningsih et al., 2013) . Biparental QTL linkage analysis of a crossed IR64 (indica)/KHO (japonica) population identified five QTLs that explained 17.9-33.5% of AG/ASD capability (Angaji et al., 2010) . By combining a genome-wide association study (GWAS) of diverse rice accessions and biparental QTL linkage analysis of recombinant inbred lines of a crossed IR64/Nipponbare population, a strong QTL contributing 27% of AG/ASD variation was identified (Hsu & Tung, 2015) . This QTL overlaps with QTL qAG1-2 identified in the IR64/KHO crossed population (Angaji et al., 2010) , indicating that QTL qAG1-2 or a closely linked QTL could be a primary QTL enabling AG/ASD tolerance to flooding in japonica rice. Using marker-assisted backcrossing (MAB), some of these QTLs have been introgressed into backgrounds of highyielding rice varieties (Singh et al., 2017) . By screening 432 indica rice varieties based on GWAS of 5291 single-nucleotide polymorphism (SNP) markers and coleoptile expression profile data, a candidate gene encoding a DOMAIN OF UNKNOWN FUNCTION (DUF) domain-containing protein was found to be highly induced by anoxia and perfectly correlated with flooding tolerance during germination . However, the function of this gene remains to be investigated. In a recent GWAS analysis of 273 japonica rice accessions, 11 significant marker-trait associations potentially involved in coleoptile length were identified (Nghi et al., 2019) . In this study with japonica rice, SNP and transcriptional variations of TPP7 in coleoptile tissue were found to be unrelated to differences in final coleoptile length under submergence.
VI. Conclusions and outlook
Several QTLs have been mapped in genomes of rice, and many genes have been implicated as regulating AG/ASD, indicating that multiple genes and complex genetic interactions contribute to AG/ ASD in rice. Research tailored to improving AG/ASD in rice has two-fold scientific and applied significance. First, identifying the key regulators and understanding the detailed mechanisms regulating AG/ASD in rice is not only of fundamental scientific merit but would also help devise more efficient and precise molecular strategies for breeding rice and other cereals with elevated AG/ASD capacities. Second, most existing rice varieties bred for traditional seedling transplantation system are not well adapted for AG/ASD in an initially O 2 -depleted environment. Breeding high-yield cultivars with improved AG/ASD is essential to promote direct seeding practices, which may be achieved through MAB-based breeding and/or advanced genetic engineering technologies.
For MAB breeding approaches, introgressing novel QTLs imparting AG/ASD into high-yield rice varieties could be pursued. For instance, qAG-9-2 that contains a functional TPP7 can be introduced into rice varieties lacking TPP7, thereby enhancing AG/ ASD capacity (Kretzschmar et al., 2015) . The natural variation present in T-type promoter sequences of the CBL10 locus in lowland japonica rice varieties could also serve as a molecular marker for MAB breeding (Ye et al., 2018) .
It appears that rice domestication through the nonselective seedling transplantation system has led to loss of function of a few loci essential for AG/ASD in low O 2 environments of many rice varieties. For example, an active CIPK15-SnRK1A-MYBS1-aAmy pathway, functional TPP7, and/or T-type CBL10 promoter that play key roles in conferring higher AG/ASD capacity on japonica rice cultivars are missing in many indica cultivars (Lee et al., 2009; Kretzschmar et al., 2015; Ye et al., 2018) . Insights into the functions of these hallmarks and more regulatory genes and the mechanisms regulating AG/ASD will help envisage genetic engineering strategies for improving AG/ASD in rice, and possibly in other cereals. Identifying SNPs in these genes associated with AG/ASD may also facilitate their use as molecular markers for MAB-based rice breeding.
